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Figure: Schematic classification of theories of gravity. S. Bahamonde et al., Rep. Prog. Phys. 86, 026901 (2023)



General Relativity as a geometric choice

The usual assumptions
The gravitational field is described by a metric gµν and the connection is fixed to be the Levi-
Civita connection Γρ

µν .

What do gµν and Γρ
µν do?

The metric gµν measures distances, time intervals, and angles. The connection Γρ
µν defines

covariant derivatives and parallel transport, telling us how tensors are compared from point to
point.

Consequence

T ρ
µν = 0, Qρµν = ∇ρgµν = 0.

Only curvature remains as the carrier of
gravity.

Why this is restrictive
The metric-affine viewpoint treats gµν and
Γ̃ρ

µν as independent before imposing any con-
straints. GR is one corner of this larger space.
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Why modify gravity?

Conceptual motivations
quantum gravity is not understood;
singularities indicate limits of the classical
description;
changing GR is one of the sharpest ways
to understand why GR works.

Observational motivations
dark energy and the cosmological constant
problem;
early-universe inflation and late-time
acceleration;
black holes and gravitational waves test
the strong-field regime.

Why is geometry a well-motivated route?
General Relativity ties gravity to spacetime geometry, so changing the geometric structure is a
direct way to explore new gravitational theories.
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Curvature, torsion and nonmetricity

Curvature R

Directions change after transport
around a loop.

Torsion T

Infinitesimal parallelograms fail
to close.

Nonmetricity Q

1 2

Qµ
νρ

Lengths and angles change under
transport.

The entire talk is organized by deciding which of R, T, Q is allowed to be dynamical.
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Metric-affine starting point

Independent variables

metric gµν + connection Γ̃ρ
µν .

There is no need, at the start, to impose Γ̃ = Γ.

Curvature, torsion and nonmetricity

R̃µ
νρσ = ∂ρΓ̃µ

νσ − ∂σΓ̃µ
νρ + Γ̃µ

λρΓ̃λ
νσ − Γ̃µ

λσΓ̃λ
νρ,

T̃ ρ
µν = 2Γ̃ρ

[νµ], Q̃ρµν = ∇̃ρgµν .

Decomposition

Γ̃ρ
µν = Γρ

µν + Kρ
µν + Lρ

µν ,

where K is a linear combination of torsion and L a linear combination of nonmetricity.
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Different extended geometries give different types of gravitational theories

Riemannian / GR
R ̸= 0, T = Q = 0

Torsional
teleparallel

R = Q = 0, T ̸= 0

Symmetric
teleparallel

R = T = 0, Q ̸= 0

Riemann–Cartan
Poincaré gauge gravity
R ̸= 0, T ̸= 0, Q = 0

Metric-affine gravity
R, T, Q allowed

S. Bahamonde et al., Rep. Prog. Phys. 86, 026901 (2023)
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Teleparallel corner (general curvature is zero)

The geometric trinity
GR

1
2κ2

∫
d4x
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Torsion-free
spacetim

e

T + 2DµT
µ =

�
Q+ 2Dµ(

�
Qµ −

�

Q̃µ)

Flat spacetime

R = −T + BT = −Q + BQ

Einstein gravity can be written in terms of curvature,
torsion, or nonmetricity.

What makes teleparallelism special
at the Einstein level, it is equivalent to the
Riemannian description through
boundary-term identities;
the connection is restricted from the start:
curvature vanishes identically, so this is not a
generic affine framework;
new physics appears when the extra
torsional/nonmetricity pieces are promoted
beyond a pure boundary term, e.g. f(T ),
f(Q), f(T,B), or scalar couplings;
matter is typically sourced by
energy–momentum, rather than generic
hypermomentum.
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Teleparallelism is not just a change of notation: it is a restricted geometric framework with its
own consistent extensions.
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Poincaré gravity and metric-affine gravity

Poincaré gravity
A gauge approach means that gravity is built from
fields associated with local spacetime symmetries.
For the local Poincaré symmetry, the basic vari-
ables are

ea
µ, ωab

µ,

namely a coframe/tetrad and an independent
Lorentz connection.
Their field strengths are torsion and curvature:

T a
µν , Rab

µν .

This leads naturally to Riemann–Cartan geometry.

Metric-affine gravity
One can go beyond the Riemann–Cartan case by
allowing the metric and the affine connection to
be independent.
Then nonmetricity can also be present:

Qρµν = −∇ρgµν ̸= 0.

So metric-affine gravity is the more general frame-
work in which curvature, torsion, and nonmetricity
can all participate in the dynamics:

R ̸= 0, T ̸= 0, Q ̸= 0 in general.
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allowing the metric and the affine connection to
be independent.
Then nonmetricity can also be present:

Qρµν = −∇ρgµν ̸= 0.

So metric-affine gravity is the more general frame-
work in which curvature, torsion, and nonmetricity
can all participate in the dynamics:

R ̸= 0, T ̸= 0, Q ̸= 0 in general.

Gauge language can also be used in teleparallel gravity; the real distinction here is that
curvature is now allowed.
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What changes when geometry is enlarged?

Extra modes
More geometric structure can
introduce degrees of freedom
beyond the usual graviton.

Different couplings
Matter can in principle respond
to spin, torsion, dilation, or
nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong coupling,
and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastián Bahamonde Modified Gravity from Geometry 13/23



What changes when geometry is enlarged?

Extra modes
More geometric structure can
introduce degrees of freedom
beyond the usual graviton.

Different couplings
Matter can in principle respond
to spin, torsion, dilation, or
nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong coupling,
and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastián Bahamonde Modified Gravity from Geometry 13/23



What changes when geometry is enlarged?

Extra modes
More geometric structure can
introduce degrees of freedom
beyond the usual graviton.

Different couplings
Matter can in principle respond
to spin, torsion, dilation, or
nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong coupling,
and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastián Bahamonde Modified Gravity from Geometry 13/23



What changes when geometry is enlarged?

Extra modes
More geometric structure can
introduce degrees of freedom
beyond the usual graviton.

Different couplings
Matter can in principle respond
to spin, torsion, dilation, or
nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong coupling,
and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastián Bahamonde Modified Gravity from Geometry 13/23



Quadratic Poincaré gauge theory - ghost issue

Convenient to decompose torsion as
Decomposition of torsion in the pseudo orthogonal group

T λ
µν = 1

3
(
δλ

νTµ − δλ
µTν

)
+ 1

6ελ
ρµνSρ + tλ

µν .

using
Vector part Tµ = T λ

µλ,
Axial vector part Sµ = εµνρσT νσρ,
Tensor part tλ

µν = T λ
µν − 1

3
(
δλ

νTµ − δλ
µTν

)
− 1

6 ελ
ρµνSρ.

The most general class of quadratic Poincaré gauge models that are reduced to General
Relativity in the absence of torsion is:

Sg = 1
16π

∫ [
−R+ c2R̃λρµνR̃

λµρν − 1
2 (2c1 + c2) R̃λρµνR̃

µνλρ + c1R̃λρµνR̃
λρµν

+ d1R̃µν

(
R̃µν − R̃νµ

)
+ 1

2
(
m2

TTµT
µ +m2

SSµS
µ +m2

t tλµνt
λµν

)]√
−g d4x .

It is not possible to have a stable propagating torsion tensor with propagating vectors in quadratic Poincaré
gauge theory for general backgrounds. Kinetic part of vectors Tµ and Sµ propagate a ghost.
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Cubic RT 2 interactions open a healthy sector

Cubic Poincare Gauge Gravity
Instead of stopping at the quadratic obstruction, I extended the theory by parity-preserving cubic
curvature–torsion terms,

L(3)
curv-tors = L(3)

R̃T T
+ L(3)

R̃SS
+ L(3)

R̃tt
+ L(3)

R̃T S
+ L(3)

R̃T t
+ L(3)

R̃St
.

What changes
These terms mix curvature with the irreducible
torsion pieces and modify the kinetic structure
of the theory.

No ghost for vector sector
In this cubic branch, the ghost problem in the
vector torsion sector can be removed. This
gives a genuinely healthy propagating Poincaré
sector to study further.

S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109 (2024) 104075
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Reissner–Nordström-like black holes

Exact static solution
In cubic metric-affine gravity with torsion and nonmetricity, one finds an exact static, spherically sym-
metric black-hole solution (S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 111 (2025) 084058),

ds2 = −Ψ(r) dt2 + dr2

Ψ(r) + r2dΩ2, Ψ(r) = 1 − 2m

r
+ Qgeom

r2 .

Why it is interesting
The metric looks like Reissner–Nordström, but the extra 1/r2 term is not an electric charge. It comes
from intrinsic geometric charges carried by torsion and nonmetricity,

Qgeom = H1κ2
s + H2κ2

d + H3κ2
sh.

Physical message
A familiar black-hole metric can therefore hide genuinely new geometric hair. For suitable signs of the
constants Hi, one also finds a branch without an inner Cauchy horizon.
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What are the intrinsic charges?

Matter can carry more than energy–momentum
In metric-affine gravity, matter may carry microstructure. In the black-hole solution, this appears through
three intrinsic geometric charges:

κs (spin), κd (dilation), κsh (shear).

Spin κs

Microscopic angular momentum;
mainly tied to torsion.

Dilation κd
Local rescaling; changes size or
volume.

Shear κsh
Shape deformation without
changing volume.

Why this matters
These charges survive in the vacuum exterior as integration constants of the geometry. GR has no direct
analogue, because standard GR couples matter only through energy–momentum.
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From atomic spin–orbit coupling to gravity

Atomic physics analogy
In atomic systems, orbital motion couples to intrinsic spin and produces a spin–orbit interaction,

LSO ∼ λ(r) L · S.

This is one of the standard mechanisms behind energy-level splitting.

Gravitational question
Can black-hole rotation a couple to an intrinsic spin charge κs carried by torsion?
In other words: can gravity generate an analogue of spin–orbit interaction with a purely geometric origin?

Why this is difficult
In Poincaré gravity, axial symmetry activates the full torsion sector, so finding an exact slowly rotating
solution is already a highly non-trivial problem.
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A new exact slowly rotating solution with axial torsion

Exact slowly rotating solution
We found an exact slowly rotating Kerr-like black-hole solution with non-trivial dynamical torsion:

ds2 = Ψ(r)dt2 − dr2

Ψ(r) − r2dϑ2 − r2 sin2 ϑdϕ2 + 2a
(
1 − Ψ(r)

)
sin2 ϑdt dϕ, Ψ(r) = 1 − 2m

r
.

New torsion-induced interaction
Schematically, the solution contains

Leff = d1N
2
1κ

2
s

8πr4︸ ︷︷ ︸
static spin charge

+ d1N1aκs

2π F (r, ϑ)︸ ︷︷ ︸
new aκs term

.

Here the same function F (r, ϑ) that appears in the axial torsion controls the new interaction.

S. Bahamonde and J. Gigante Valcarcel, Phys. Lett. B 873 (2026) 140126.
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+ d1N1aκs

2π F (r, ϑ)︸ ︷︷ ︸
new aκs term

.

Here the same function F (r, ϑ) that appears in the axial torsion controls the new interaction.

The key new effect is a purely torsion-induced coupling between black-hole rotation a and intrinsic spin charge
κs: a gravitational spin–orbit interaction.

S. Bahamonde and J. Gigante Valcarcel, Phys. Lett. B 873 (2026) 140126.
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Dirac fermion with torsion

Axial torsion in the Dirac equation
For minimally coupled Dirac fermions, only the axial torsion mode enters:

γµ∇µψ − i

4γ
5γµSµψ + iµψ = 0.

So the spinor is sensitive only to the axial mode Sµ, not to the full torsion tensor.

Separability in the dirac equation
Requiring separability fixes

F (r, ϑ) = 3 − 4Ψ(r)
6rΨ(r) cosϑ+ f(r)

r
.

Hence the near-horizon physics is controlled by two quantities:
κs, f(rh).

S. Bahamonde and J. Gigante Valcarcel, arXiv:2603.19140.
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γµ∇µψ − i

4γ
5γµSµψ + iµψ = 0.

So the spinor is sensitive only to the axial mode Sµ, not to the full torsion tensor.

Separability in the dirac equation
Requiring separability fixes

F (r, ϑ) = 3 − 4Ψ(r)
6rΨ(r) cosϑ+ f(r)

r
.

Hence the near-horizon physics is controlled by two quantities:
κs, f(rh).

This is why the later frequency splitting can be written entirely in terms of κs and f(rh).
S. Bahamonde and J. Gigante Valcarcel, arXiv:2603.19140.
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Chiral splitting and energy extraction

Near-horizon frequencies

Ω± = ω − ak

2mrh
± 3
rh

(
N1κs − a

m
f(rh)

)
.

ω: mode frequency, k: azimuthal number, a: black-hole rotation, m: mass, rh: horizon radius.
κs: intrinsic spin charge, f(rh): horizon value of the torsion function.

Energy flux
dE

dt
= 1

32mrh

[(
4ω + Ω− − Ω+

)
|A3|2 +

(
4ω + Ω+ − Ω−

)
|A2|2

]
.

Here A2 and A3 are the amplitudes of the two ingoing helicity components. The number flux remains positive,

dN

dt
≈ 1

4

(
|A3|2 + |A2|2

)
> 0.

Because the signs in Ω± are opposite, axial torsion splits the two helicity sectors.
Hence there is no ordinary fermionic wave amplification, but in a torsion-shifted window the energy flux can
become negative.

S. Bahamonde and J. Gigante Valcarcel, arXiv:2603.19140.
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Because the signs in Ω± are opposite, axial torsion splits the two helicity sectors.
Hence there is no ordinary fermionic wave amplification, but in a torsion-shifted window the energy flux can
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Axial torsion opens a new channel for black-hole energy extraction, even without standard fermionic
superradiance.

S. Bahamonde and J. Gigante Valcarcel, arXiv:2603.19140.
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Conclusions and outlook

Enlarging spacetime geometry leads to genuinely new gravitational effects beyond General Relativity.
Torsion and nonmetricity can support new black-hole structures, new interactions, and new
consistency conditions.
The examples shown today illustrate that these theories are not only geometrically richer, but can
also lead to concrete physical consequences.

Main message: changing the geometry changes the physics.
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Thank you for listening!
Questions?


